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We report the magnetoresistance (MR), Hall effect, and de Haas-van Alphen (dHvA) effect studies
of single crystals of tungsten carbide, WC, which is predicted to be a new type of topological
semimetal with triply degenerate nodes. With the magnetic field rotated in the plane perpendicular
to the current, WC shows a field induced metal-to-insulator-like transition and large nonsaturating
quadratic MR at low temperatures. As the magnetic field parallel to the current, a pronounced
negative longitudinal MR only can be observed for the certain direction of current flow. Hall effect
indicates WC is a perfect compensated semimetal, which may be related to the large nonsaturating
quadratic MR. The analysis of dHvA oscillations reveals that WC is a multiband system with small
cross-sectional areas of Fermi surface and light cyclotron effective masses. Our results indicate that
WC is an ideal platform to study the recently proposed “New Fermions” with triply degenerate
crossing points.
The recently discovered topological semimetals
(TSMs) have been studied intensively in condensed mat-
ter physics and material science due to the topologically
protected band structure, which exhibits some exotic
physical properties such as extremely large magnetore-
sistance (MR), ultrahigh carrier mobility, anomalous
Berry phase, and/or negative longitudinal MR [1–3].
Generally, TSMs can be classified into several categories
according to the degeneracy and momentum space
distribution of the nodal points. For example, in Dirac
semimetals (DSMs) [4–9] and Weyl semimetals (WSMs)
[10–13], two double- and non-degeneracy bands cross
near the Fermi level (EF ), which lead to the four-fold
degenerate Dirac point and two-fold degenerate Weyl
point, respectively. In contrast to discrete points in
DSMs and WSMs, two bands cross each other along
a line in the Brillouin zone in nodal line semimetals
[14, 15].
Besides the three kinds of TSMs mentioned above,
some new types of TSMs with three-, six-, or eight-fold
degenerate points near EF were proposed and these de-
generate points appear at high-symmetry points in non-
symmorphic space groups [16]. Based on a new mecha-
nism, several materials with WC-type structure that be-
longs to symmorphic space groups, such as MoP, WC,
TaN, and ZrTe et al., were then predicted to possess
three-fold degenerate crossing points (TPs), formed by
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FIG. 1. (Color online) (a) and (b) Single crystal and powder
XRD pattern for WC, respectively. (c) The typical photog-
raphy of the grown WC crystal. (d) The crystal structure of
WC.
the crossing of a double-degeneracy band along a high-
symmetry direction in momentum space and a non-
degeneracy band [17–20]. However, so far, there is few
experimental investigation about this kind of materi-
als. Recently, angle-resolved photoemission spectroscopy
(ARPES) measurements have confirmed the presence
of TPs in MoP [21]. Unfortunately, in contrast to
WC/TaN/ZrTe, the TPs of MoP are far away from EF
[18–21], and it is expected that there will be no fascinat-
ing transport property observed in this compound.
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FIG. 2. (Color online) Transport properties of WC. The insets depict the corresponding measurement configurations. All
measurements were performed on the bar specimens cut from the equilateral triangle shape single crystals. The electric current
flows along the y-axis (I ‖ y) in (a), (c), and (e), and along the x -axis (I ‖ x) in (b), (d), and (f), respectively. (a) and (b)
Temperature dependence of the resistivity ρ under selected magnetic fields with B ‖ z for both I ‖ y and I ‖ x, respectively.
(c) and (d) Magnetic field dependence of MR at 2 K with magnetic field rotated in the plane perpendicular to the current for
both I ‖ y and I ‖ x, respectively. (e) and (f) Magnetic field dependence of MR at 2 K with magnetic field tilted from B ⊥ I
(θ = 0◦) to B ‖ I (θ = 90◦) for both I ‖ y and I ‖ x, respectively.
In this work, we have successfully grown the high qual-
ity single crystals of WC and carried out the MR, Hall,
and de Haas-van Alphen (dHvA) effect studies. We found
that WC is a perfect compensated semimetal, leading
to a field induced metal-to-insulator-like transition and
large nonsaturating MR as observed in other TSMs. Fur-
thermore, a pronounced negative longitudinal MR for
the certain current direction may be ascribed to Weyl
nodes, which could split from triply-degenerate nodes in
the presence of a Zeeman coupling.
High-quality single crystals of WC were grown by flux
method. The starting materials, W, C, and Co, were
mixed in the ratio of 1 : 1 : 5, and put into a graphite
crucible with a cap. The crucible was heated to 1700
◦C, held for 50 h, and then cooled to 1400 ◦C at a rate
of 1 ◦C/h in argon atmosphere. After the Co flux was
removed by dissolving in a warm hydrochloric acid solu-
tion, the obtained single crystals are in the form of equi-
lateral triangle shape with sides of 3 mm and thick of 1
mm, as shown in Fig. 1(c). The crystal structure was
characterized by X-ray diffraction (XRD) using PAN-
alytical diffractometer with Cu Kα radiation at room
temperature. The elemental compositions were checked
by Oxford X-Max energy dispersive x-ray (EDX) spec-
troscopy analysis in a Hitachi S-4800 scanning electron
microscope. Electrical transport and magnetic measure-
ments were performed using Quantum Design PPMS-9
T and MPMS-7 T SQUID VSM system, respectively.
The crystal structure of WC is illustrated in Fig. 1(d).
WC crystalizes in simple hexagonal structure with a
space group of P6m2 (No. 187), which contains one for-
mula unit in the unit cell [22]. W and C atoms occupy
the 1a (0, 0, 0) and 1d (1/3, 2/3, 1/2) Wyckoff positions,
respectively. Figure 1 (a) shows the single crystal XRD
pattern with (00l) reflections. The powder XRD pattern,
as shown in Fig. 1 (b), can be well indexed to the struc-
ture of WC with the lattice constants a = b = 2.91 A˚
and c = 2.84 A˚, which are comparable to the previously
3reported value [22]. The result of EDX indicates that the
average W:C atomic ratio is close to 1:1 and there is no
obvious Co impurity.
The temperature dependence of the resistivity under
selected magnetic fields with B ‖ z for both I ‖ y and I ‖
x are presented in Fig. 2(a) and (b), respectively. In zero
field, the resistivity shows metallic behavior with a large
residual resistivity ratio [RRR = ρ(300 K)/ρ(2 K)] up to
85 and 60 for both current directions, indicating that the
grown single crystal is of high quality and has few vacan-
cies, as observed in EDX. When the magnetic fields were
applied, a magnetic field induced metal-to-insulator-like
transition and a resistivity plateau are present at low
temperatures. The temperature corresponding to the
minimum in the resistivity increases with increasing field.
These phenomena have also been observed in the recently
discovered semimetals such as WTe2, TaAs, and LaSb
[13, 23, 24], although the mechanism is still unclear.
Figure 2 (c) and (d) show the magnetic field depen-
dence of MR at 2 K with magnetic field rotated in the
plane perpendicular to the current. When θ = 0◦ (B ‖
z ), the MR is maximized and can reach to about 7000%
and 6000% at 9 T for both I ‖ y and I ‖ x, respectively.
With increasing θ to 90◦ (B ‖ x or B ‖ y), MR gradually
decreases and gets the minimum of 2900% and 2800%
for both current directions. For all of the magnetic field
directions, the dependence of MR on magnetic field is
close to quadratic with no indication of saturation, which
could be attributed to the perfect compensated of elec-
trons and holes, similar to that observed in WTe2 and
α-As [25, 26].
The magnetic field dependence of MR with magnetic
field tilted from B ⊥ I (θ = 0◦) to B ‖ I (θ = 90◦)
at 2 K are shown in Fig. 2(e) and (f) for both I ‖ y
and I ‖ x, respectively. The MR is maximized for B ⊥
I (θ = 0◦) and decreases with the θ increasing for both
current directions. When B ‖ I (θ = 90◦), the MR drop
to a minimum of 300% at B = 9 T and T = 2 K for
I ‖ y, however, a negative MR with a value of about
−50% was observed for I ‖ x at the same condition.
As shown in Fig. 3, the negative MR decreases with
increasing temperature for B ‖ I ‖ x. The theoretical
calculation has pointed out that the magnetotransport
properties depend on the direction of applied magnetic
field and the triply-degenerate nodes could split into pairs
of Weyl nodes with opposite chirality as the presence of
a Zeeman coupling along the z direction in WC [17, 18].
However, the negative MR is not directional in Na3Bi,
GdPtBi, and α-As with the effect of Zeeman field [6, 26,
27]. Although the negative MR in WC is sensitive to the
special crystal axis, as a possibility, we are reasonable
to believe that the negative MR may be associated with
the chiral anomaly of Weyl nodes, which may be split
from triply-degenerate nodes in the presence of a Zeeman
coupling at the certain direction. Further band structure
calculations and ARPES measurements are necessary to
clarify this issue.
To investigate the mechanism of the large nonsaturat-
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FIG. 3. (Color online) Magnetic field dependence of MR at
various temperatures for B ‖ I ‖ x. The inset depicts the
measurement configuration.
-9 -6 -3 0 3 6 9
-2
-1
0
1
2
0
1
2
3
4
5
0 50 100 150 200
0
1
2
H
 (
cm
)
B (T)
 2 K      100 K
 5  K     125 K
 10 K    150 K
 25 K    200 K
 50 K    250 K
 75 K    300 K
(a)
 nh
 ne
n 
(1
02
0 c
m
-3
)
(b)
 h
 e (1
04
cm
2 /V
s)
T (K)
(c)
FIG. 4. (Color online) (a) The magnetic field dependence
of Hall resistivity ρH at various temperatures. (b) and (c)
The temperature dependence of carrier densities and carrier
mobilities of electrons and holes obtained by fitting Hall con-
ductivity σH using the two- or single-band model.
ing quadratic MR observed in WC, we measured the mag-
netic field dependence of Hall resistivity ρH at various
temperatures, as shown in Fig. 4(a). The positive Hall
coefficient RH = ρH /B shows that hole-type carriers are
dominant in the transport process. Furthermore, the de-
viation from linear behavior of the Hall resistivity implies
that WC is a multiband system. Thus, we analyzed the
Hall conductivity σH using the semi-classical two-band
model:
σH = (
nhµ
2
h
1 + (µhB)2
−
neµ
2
e
1 + (µeB)2
)eB, (1)
where nh (ne) and µh (µe) denote the carrier density and
mobility of hole (electron), respectively. However, above
75 K, two-band model is failed and the single-band model
is used. The temperature dependence of the carrier den-
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FIG. 5. (Color online)(a) Magnetization isotherms M vs mag-
netic field B for B ‖ z (θ = 0◦) and B ‖ x (θ = 90◦) at 2
K. The inset depicts the measurement configuration. (b) and
(c) The FFT spectra of the corresponding dHvA oscillations
at various temperatures for B ‖ z and B ‖ x. (d) The FFT
spectra of the corresponding dHvA oscillations at 2 K rotat-
ing the field from B ‖ z to B ‖ x. The dashed lines are guides
for eyes.
sity and mobility extracted from the Hall conductivity
fitting are shown in Fig. 4(b) and (c). The density and
mobility of the two types of carriers increase with de-
creasing temperature. At low temperatures, the densities
of holes and electrons are quite close, however, the mobil-
ity of holes is larger than that of electrons. This demon-
strates that the large nonsaturating quadratic MR could
stem from the perfect electron-hole compensation and
high hole mobilities, similar to those observed in WTe2
and α-As [25, 26].
DHvA effect is one of the most powerful tools to probe
the properties of FS except for ARPES. As shown in Fig.
5(a), we present the isothermal magnetization measured
up to 7 T of a single crystal for both B ‖ z and B ‖ x,
which exhibits obvious dHvA oscillations superimposed
on a diamagnetic background. The fast Fourier trans-
form (FFT) spectra of dHvA oscillations, as shown in
Fig. 5(b) and (c), yield several fundamental frequencies,
Fα = 473 T and Fβ = 854 T for B ‖ z, and Fγ = 1005
T and Fδ = 1552 T for B ‖ x, indicating WC is a multi-
band system, consistent with the result of Hall effect.
Using the Onsager relation, F = ~/(2pie)AF , where ~ is
Planck’s constant divided by 2pi, e is the charge on the
bare electron, and AF is the cross-sectional area of FS,
it is calculated that the corresponding AF are 4.52, 8.15,
9.60, and 14.81 nm−2, respectively, which are only about
0.80, 1.50, 1.74 and 2.68% of the first Brillouin zone. By
fitting the thermal damping term [28]:
RT =
2pi2kBTm
∗/~eB
sinh(2pi2kBTm∗/~eB)
∝ Amp. (2)
where m* is the cyclotron effective mass, and kB is Boltz-
man’s constant, the cyclotron effective masses are esti-
mated to be 0.19, 0.31, 0.34, and 0.43 me (me is the bare
electronic mass), respectively. The small cross-sectional
areas of FS and the light cyclotron effective masses are
the very important features of the topological semimet-
als. Figure 5(d) shows the FFT spectra of the corre-
sponding dHvA oscillations at 2 K rotating the field from
B ‖ z to B ‖ x in the xz plane. As previously re-
ported [29], the values of fundamental frequencies gradu-
ally change with the angle, indicating the low-frequency
branches are anisotropic and may be the nearly ellip-
soidal pockets.
In summary, we have successfully grown the high qual-
ity single crystals of WC, which is predicted to be a triply
degenerate node topological semimetal candidate. It
shows a metallic behavior at zero field and a field induced
metal-to-insulator-like transition with magnetic field ap-
plied. The analysis of Hall effect and dHvA oscillations
indicates WC is a perfect compensated system with small
cross-sectional areas of FS and light cyclotron effective
masses, leading to the large nonsaturating quadratic MR
for B ⊥ I at low temperatures. The pronounced negative
longitudinal MR for the certain current direction may be
caused by the Weyl nodes, split from triply-degenerate
nodes in the presence of a Zeeman coupling. We hope
this work can provide valuable clues for further research
on WC and other new types of TSMs.
We would like to thank Xi Dai for helpful discus-
sions. This work was supported by the National Ba-
sic Research Program of China 973 Program (Grant No.
2015CB921303), the National Key Research Program of
China (Grant No. 2016YFA0300604), the Strategic Pri-
ority Research Program (B) of Chinese Academy of Sci-
ences (Grant No. XDB07020100), and the Natural Sci-
ence Foundation of China (Grant No. 11404175).
[1] H. Weng, X. Dai, and Z. Fang, Journal of Physics: Con-
densed Matter 28, 303001 (2016).
[2] A. Bansil, H. Lin, and T. Das, Rev. Mod. Phys. 88,
021004 (2016).
[3] C. K. Chiu, J. C. Y. Teo, A. P. Schnyder, and S. Ryu,
Rev. Mod. Phys. 88, 035005 (2016).
[4] Z. Wang, Y. Sun, X.-Q. Chen, C. Franchini, G. Xu,
H. Weng, X. Dai, and Z. Fang, Phys. Rev. B 85, 195320
(2012).
[5] Z. K. Liu, B. Zhou, Y. Zhang, Z. J. Wang, H. M. Weng,
D. Prabhakaran, S.-K. Mo, Z. X. Shen, Z. Fang, X. Dai,
Z. Hussain, and Y. L. Chen, Science 343, 864 (2014).
5[6] J. Xiong, S. K. Kushwaha, T. Liang, J. W. Krizan,
M. Hirschberger, W. D. Wang, R. J. Cava, and N. P.
Ong, Science 350, 413 (2015).
[7] Z. Wang, H. Weng, Q. Wu, X. Dai, and Z. Fang, Phys.
Rev. B 88, 125427 (2013).
[8] Z. K. Liu, J. Jiang, B. Zhou, Z. J. Wang, Y. Zhang, H. M.
Weng, D. Prabhakaran, S.-K. Mo, H. Peng, P. Dudin,
T. Kim, M. Hoesch, Z. Fang, X. Dai, Z. X. Shen, D. L.
Feng, Z. Hussain, and Y. L. Chen, Nat. Mater. 13, 677
(2014).
[9] T. Liang, Q. Gibson, M. N. Ali, M. Liu, R. J. Cava, and
N. P. Ong, Nat. Mater. 14, 280 (2015).
[10] S.-Y. Xu, I. Belopolski, N. Alidoust, M. Neupane,
G. Bian, C. Zhang, R. Sankar, G. Chang, Z. Yuan, C.-
C. Lee, S.-M. Huang, H. Zheng, J. Ma, D. S. Sanchez,
B. Wang, A. Bansil, F. Chou, P. P. Shibayev, H. Lin,
S. Jia, and M. Z. Hasan, Science 349, 613 (2015).
[11] H. Weng, C. Fang, Z. Fang, B. A. Bernevig, and X. Dai,
Phys. Rev. X 5, 011029 (2015).
[12] B. Q. Lv, H. M. Weng, B. B. Fu, X. P. Wang, H. Miao,
J. Ma, P. Richard, X. C. Huang, L. X. Zhao, G. F. Chen,
Z. Fang, X. Dai, T. Qian, and H. Ding, Phys. Rev. X 5,
031013 (2015).
[13] X. Huang, L. Zhao, Y. Long, P. Wang, D. Chen, Z. Yang,
H. Liang, M. Xue, H. Weng, Z. Fang, X. Dai, and
G. Chen, Phys. Rev. X 5, 031023 (2015).
[14] A. A. Burkov, M. D. Hook, and L. Balents, Phys. Rev.
B 84, 235126 (2011).
[15] H. Weng, Y. Liang, Q. Xu, R. Yu, Z. Fang, X. Dai, and
Y. Kawazoe, Phys. Rev. B 92, 045108 (2015).
[16] B. Bradlyn, J. Cano, Z. Wang, M. G. Vergniory,
C. Felser, R. J. Cava, and B. A. Bernevig, Science 353,
aaf5037 (2016).
[17] Z. Zhu, G. W. Winkler, Q. Wu, J. Li, and A. A.
Soluyanov, Phys. Rev. X 6, 031003 (2016).
[18] G. Chang, S.-Y. Xu, S.-M. Huang, D. S. Sanchez, C.-
H. Hsu, G. Bian, Z.-M. Yu, I. Belopolski, N. Alidoust,
H. Zheng, T.-R. Chang, H.-T. Jeng, S. A. Yang, T. Neu-
pert, H. Lin, and M. Z. Hasan, arXiv:1605.06831 (2016).
[19] H. Weng, C. Fang, Z. Fang, and X. Dai, Phys. Rev. B
93, 241202 (2016).
[20] H. Weng, C. Fang, Z. Fang, and X. Dai, Phys. Rev. B
94, 165201 (2016).
[21] B. Q. Lv, Z.-L. Feng, Q.-N. Xu, J.-Z. Ma, L.-Y. Kong,
P. Richard, Y.-B. Huang, V. N. Strocov, C. Fang,
H.-M. Weng, Y.-G. Shi, T. Qian, and H. Ding,
arXiv:1610.08877 (2016).
[22] N. Scho¨nberg, Acta Metallurgica 2, 427 (1954).
[23] M. N. Ali, J. Xiong, S. Flynn, J. Tao, Q. D. Gib-
son, L. M. Schoop, T. Liang, N. Haldolaarachchige,
M. Hirschberger, N. P. Ong, and R. J. Cava, Nature
514, 205 (2014).
[24] F. F. Tafti, Q. D. Gibson, S. K. Kushwaha, N. Hal-
dolaarachchige, and R. J. Cava, Nat. Phys. 12, 272
(2016).
[25] Z. Zhu, X. Lin, J. Liu, B. Fauque´, Q. Tao, C. Yang,
Y. Shi, and K. Behnia, Phys. Rev. Lett. 114, 176601
(2015).
[26] L. Zhao, Q. Xu, X. Wang, J. He, J. Li, H. Yang, Y. Long,
D. Chen, H. Liang, C. Li, M. Xue, J. Li, Z. Ren, L. Lu,
H. Weng, Z. Fang, X. Dai, and G. Chen, Phys. Rev. B
95, 115119 (2017).
[27] M. Hirschberger, S. Kushwaha, Z. Wang, Q. Gibson,
S. Liang, C. A. Belvin, B. A. Bernevig, R. J. Cava, and
N. P. Ong, Nature Materials 15, 1161 (2016).
[28] I. M. Lifshitz and A. M. Kosevich, Sov. Phys. JETP 2,
636 (1956).
[29] Y. Ishizawa and T. Tanaka, Solid State Commun. 51,
743 (1984).
